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In recent years, readily affordable short read sequences provided by next-generation sequencing
(NGS) have become longer and more accurate. This has led to a jump in interest in the utility of
NGS-only approaches for exploring eukaryotic genomes. The concept of a static, ‘ﬁnished’ genome
assembly, which still appears to be a faraway goal for many eukaryotes, is yielding to new para-
digms. We here motivate an object-view concept where the raw reads are the main, ﬁxed object,
and assemblies with their annotations take a role of dynamically changing and modiﬁable views
of that object.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction in FASTQ or equivalent format, arrive from the sequencer ready forAdvances in next-generation sequencing (NGS) technology in
recent years have increased length and accuracy of short read se-
quences that are produced as primary sequence data. A few years
ago, Illumina/Solexa reads, which typically allow good coverage
at affordable cost, still measured only some 36 base pairs (bp), of
which the last 6 bp or so were often of poor quality. Now, Illumina
read lengths are typically at least 100 bp, and the quality is often
excellent throughout.
The one-pass, automated nature of current sequencing work-
ﬂows runs allows NGS to reliably deliver a single set of text or bin-
ary ﬁles that contain the full set of ﬁxed-length reads or read-pairs
for a genome of interest. Such stand-alone or modular output is
attractive, and many groups now deposit their primary read data
in short read archives at NCBI or the European Nucleotide Archive
for others to use. In an NGS project, the standardized output ﬁles,quality control, assembly and then annotation.
As NGS technologies advance, the way we think of the primary
output from a sequencer is changing, and the time may have come
to reassess a way of looking at sequencing processes that we have
retained from past decades.
In the past, the gap-free, ‘ﬁnished’ assembly (which may still be
a utopia for many genomes, even for the human genome, in spite of
its paramount importance for human health) was seen as a prime
object or trophy. The hypothesis we explore here is that until such
a goal comes closer, it might help us to think more clearly, prag-
matically, and phenomenologically about NGS if we de-emphasize
the goal of a static, ‘best’ assembly and consider, instead, the initial
read set as the primary and reliable object. Possible assemblies,
with their respective annotations, would then become dynamic,
modiﬁable views of that primary object or ‘observable’, although
at any given time a single state-of-the-art assembly could serve
as a reference. Our working hypothesis is that shifting the object-
view boundary in this way could bring advantages, if short-read
approaches remain a stable norm.
In most of the following considerations we will keep individual,
previously unsequenced, unicellular fungi in mind as conceptual
test genomes. Unicellular fungi are intermediate, in genome size
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and much larger, metazoan eukaryotes such as human, so their
NGS reads do not need massive storage (as do, for example, some
extensive human population resequencing studies or large-scale
metagenomics projects). Many unicellular fungi are of wide inter-
est, either because they are pathogenic to human, other animals, or
plants, or because they serve as model fungi or close relatives of
well-characterized fungi. Many unicellular fungi can now be se-
quenced at good coverage in a single lane (or even a fraction of a
lane) of an Illumina sequencer, especially if one is interested
mainly in the genes. The storage space that is occupied by the pri-
mary NGS reads can hardly be considered expensive, and in future
it will presumably become cheaper.
2. Uncurated de novo assemblies can lose information
The strict de novo genome assembly problem belongs to a class
of combinatorial inverse problems exempliﬁed by Humpty
Dumpty’s rhyme.1 A strictly de novo assembly of a genome from
an NGS read set (for single or paired reads) can never contain more
information than is present in that original read set. Automatic de
novo assembling without human supervision or curation will never
create new sequence-speciﬁc information, although it may skillfully
extract or infer information present in the reads, and it may lose
information that was originally present in the raw reads.
First, contiguity information is usually lost when a eukaryotic
genome is chopped into small pieces. The smaller the pieces, or
the higher the repetitiveness, the worse is the loss. In some gen-
omes, only parts of the original genome can be reliably assembled
from the short pieces de novo, because the short pieces’ sequences
are not all unique in the actual genome, so their sequence context
cannot be reconstructed [2–4]. Already the 86 kb, circular mito-
chondrial genome of baker’s yeast [5], which contains substantial
repeats and low complexity regions, provides a good example of
this difﬁculty for NGS-only approaches.
Second, most assembly programs, such as Velvet [6] or SOAPde-
novo with GapCloser [7], must make some evidence-based deci-
sions. Such decisions may leave no trace of their risk or location
in the resulting assembly when it is released, so if the decision
was wrong, further information may be lost.
Third, not only do typical NGS assemblies released to the public
omit the quality information provided for each read, but the local
coverage by reads, another measure of conﬁdence (number of
reads covering a given position, and degree of agreement among
those reads’ sequences), is also missing from the resulting contigs
or scaffolds. Indeed, with current NGS technology, most loci in a
genome are likely to be covered bymany reads, if they are correctly
mapped. Especially where guanine and cytosine level (GC) is
neither very high nor very low, the reads’ coverage depth (coverage
proﬁle), quality and consistency contain information. To give one
example: such local read alignments can help one to detect, a
posteriori, where an unsupervised assembly might have
erroneously collapsed nearly identical paralogs (as exist in some
mammalian interferons; [8]) onto a single composite ‘gene’ that
does not exist.
3. The idea of a ﬁnal assembly is often a utopia
For reasons including those mentioned above for de novo
assembly, the long, assembled and annotated chromosomal se-
quences (contigs or scaffolds) that are obtained for eukaryotes1 ‘‘Humpty Dumpty sat on a wall / Humpty Dumpty had a great fall / All the king’s
horses and all the king’s men / couldn’t put Humpty together again’’ [1]. Humpty
Dumpty is often depicted as an egg with a face, hands and feet; the problem is to
piece the egg back together from its fragments.are usually hypotheses, not facts. This conclusion applies also
where the assembly is not a de novo assembly but a reference
assembly, because reference assemblies inherit mistakes from
the genome sequence(s) to which they refer. Indeed, reference
assemblies or annotations are ultimately based, possibly via a
chain of recursive referencing, on some ‘ﬁrst’ reference genome
that was assembled or annotated de novo. Assembly and annota-
tion errors can propagate along such a chain, especially when
one does not interleave reference strategies with de novo strate-
gies. ‘Snowball effects’ of this kind can be a problem not only for
reference assembly or when ﬁnding genes [9,10], but also when
assigning functions to genes via reference using programs such
as Blast2GO.
Even some of the most important eukaryotic genomes’ assem-
blies remain unﬁnished, and the goal of a perfect, ﬁnal genome se-
quence is likely to remain a utopia for many eukaryotic species in
the near future. This is mainly because of repetitive non-protein
coding sequences (a genome’s protein-coding exons are often well
covered by NGS-derived contigs [2]). Thus, the public human gen-
ome assembly, which was formally declared ‘‘ﬁnished’’ in its
euchromatic parts in 2004 [11], is actually still incomplete: the
hg19 sequence continues to lack large expanses of heterochroma-
tin, as well as some euchromatic regions such as the (repetitive)
ribosomal DNA on chromosomes 13, 14, 15, 21 and 22.
It is likely that several existing annotated assemblies of eukary-
otic genomes will be updated again at some future time, as users
discover inconsistencies between assembled and annotated se-
quences of related species/strains, succeed in assembling previ-
ously missing regions, re-curate automated output from gene
callers, or sequence transcripts. The inﬂux of information on indi-
vidual genes coming frommolecular biology experiments will con-
tinue, so it is to be expected that the best assembly will ultimately
incorporate them and thus continue to change.
Much as one can now print books on demand and reduce the
need for archiving, one can in principle perform automatic assem-
blies or annotations of genomes on demand. Algorithms for de
novo or reference assembly and annotation continue to evolve
and improve, together with the databases they access and the
hardware they use. As a result, assemblies and their annotations
are likely to become increasingly replaceable, transitory, quick to
alter, automated, and cheap to repeat or remaster.
We propose that it is natural to consider the read set as the
master reference, template or object, from which assemblies and
their respective annotations are generated as dynamic, modiﬁable
and refreshable ‘views’. Variants of the object-view (or thing-view)
metaphor are commonly used in software design, where it is good
practice to clearly separate a basic ‘thing’ or its model from possi-
ble views of it, both conceptually and when coding [12,13]. Clearly
separating out the true observable is also a necessary practice in
quantum mechanics, where an often-followed protocol is ‘‘‘what
is observed, certainly exists; about what is not observed we are
still free to make suitable assumptions.’ This freedom then is used
to avoid paradoxes’’ [14].
What is ﬁrm, and possibly irreproducible at a later time, is the
set of text or binary ﬁles containing the primary read sequences
and their quality tracks. This set of ﬁles encodes an experiment
and a DNA sample, captured in a momentary snapshot of an indi-
vidual organism at a particular time in the evolutionary history of
the strain or population to which the organism belongs. In such a
read ﬁle, the nucleotide sequences are delivered together with the
quality symbol for each nucleotide. For practical purposes, such
as browsing or searching by users, annotation database organizing
and consistent communication among researchers, the read set
should at any given time be accompanied by a single state-of-the-
art assembly chosen as a reference and with a version number, as
is the case for human genome releases, but with the understanding
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placed in future.
4. A read set is a precious object
When NCBI came close to permanently closing its Sequence
Read Archive for new submissions at the beginning of 2011, it be-
came clear to many how important it is to keep a central service for
receiving and carefully maintaining read data. This was an impor-
tant issue: still today, major genome sequencing centers do not all
offer, for public downloading, the original read sets they used for
the assemblies on their web servers.
Some researchers, however, voiced the opinion that every-
thing can simply be resequenced later, consequently reads are
not precious (and they take up gigabytes of storage), so they
can be discarded. A related opinion would be that the reads are
not and should not be the object; perhaps a fungal strain that
has been assigned a strain number in a strain collection might
deserve that role, but not its reads. Although such stances might
seem reasonable at ﬁrst sight, there are three reasons to think
otherwise.
The ﬁrst reason is reproducibility. If NGS reads are used as a
foundation for building an assembly and annotation, and insights
and ﬁndings are in turn built on top of those and published, the
basic principles of scientiﬁc conduct dictate that the reads will
remain of vital importance to check reproducibility. If ever an in-
quiry should be needed later because someone notices a strange
result, was it the processing of the reads that was strange, or
was something wrong with the reads themselves? If the reads
were discarded or misplaced, there is no way to solve this
problem.
The second reason is a practical one. From a purely project-
management perspective, consider the actual ordering and obtain-
ing of samples, extracting of DNA, preparing of insert libraries, and
waiting (sometimes for months) in queues for time on sequencers
that are shared by an institution or community, together with the
actual cost of sequencing. In addition, one must invest human time,
attention and insistence in order to make sure everything is done
well. Contrast that bill with the simple running of a re-assembly
or re-annotation task in background mode on one’s own server
during a weekend, possibly using a more recent assembly or anno-
tation program.
A third reason for keeping read sets comes from an evolutionary
or identiﬁcation perspective. The metaphor of a unique, time-
stamped snapshot is justiﬁed because populations, even strains,
get lost or change. Microbiologists working in microbial identiﬁca-
tion who re-order (or follow over time) a strain of a microbe from a
strain collection may occasionally notice a change in phenotypic
properties (assuming no strains were mixed up, which also some-
times happens). When collected microbes or cell lines are followed
in time, genes that are no longer used, or are no longer under their
previous selection pressure, can show expression anomalies or cor-
responding epigenetic changes in methylation patterns or chroma-
tin conﬁguration [15]. After many generations, such changes can in
turn lead to changes in the observable genome sequence, for exam-
ple when a gene mutates without negative consequences for the
cell’s survival or replication.
We mentioned in the Introduction that, in recent years, the
usable or effective read length one can expect from readily afford-
able NGS has approximately trebled, from less than 36 bp to over
100 bp. This change, although it may seem a modest step, has
brought clear advantages for both the ease of de novo assembly
and the ease of locating the individual reads on a conspeciﬁc or
related reference genome. Although for some genomes a usable
read length of 30 bp may sufﬁce to obtain long contigs, i.e.,
assemblies with high N50 values, there are other genomes inwhich assembly quality or reliability increases very noticeably
when one increases read lengths to 100 bp. A quantitative analy-
sis comparing read lengths and their effects on assembly quality
in selected genomes is presented in Ref. [3]. The use of paired-
end reads, separated via an insert library by a fairly ﬁxed distance
of a few hundred base pairs, then further improves reliability. In-
deed, a read in a small repetitive region has a better chance of
being disambiguated by its mate: even if a read is lost in the re-
peats, its mate standing on ﬁrm, unique DNA some distance away
can in principle localize both. An example of a fungal genome pa-
per in which assembly results are shown ﬁrst after using paired-
end 36 bp Solexa/Illumina reads, and then again after including
also longer, single-end 454 reads, is the paper describing the
Sordaria macrospora genome project [16]. Trebling the effective
sequence length from around 30 bp to 100 bp can, similarly, facil-
itate the assignment of an individual read to its position in an
external reference assembly. Such considerations strengthen the
notion that NGS read sets have now become precious objects in
their own right.5. Assembly-free uses of reads
Dedicated assembly/annotation projects that include human
curation components have enormous merit. For the progress of
genome biology, it is crucial that they continue to receive decent
funding. We are still far from being able to replace, by any unsu-
pervised pipeline or view, the dedicated human curating, expert
decision-making, quality honing, and careful resolution of biologi-
cal inconsistencies that are part of a serious genome assembly and
annotation project. However, experiences made since the advent of
NGS no longer sustain the opinion that, prior to human curation, it
need be ‘‘the initial alignment or assembly that determines
whether an experiment has succeeded and provides a ﬁrst glimpse
into the results’’ [17]. First glimpses can also be obtained from the
reads without an assembly. One can now, for example, directly
view or search the raw read data for a task at hand, quickly create
an ad hoc, local assembly of reads around a guide or test gene of
interest, or compare sites where there are single-nucleotide poly-
morphisms (SNPs) within a population.
Biological analyses can be done in principle, and sometimes also
in practice, using the raw reads directly, bypassing global assem-
blies and/or annotation. This statement is more obvious than it
may seem. Today, many global assemblies and annotations are al-
most entirely automated. The products of such software runs can
therefore be represented, or conceptually replaced, by the pro-
cesses themselves, which can be piped and optimized. In other
words, there is no conceptual need for a ‘thing’ or intermediate
product called an assembly or an annotation. This simple observa-
tion, and its potential for exploiting when one designs algorithms
or combinatorial methods, has not received much attention in
the literature. An exception has been the research of Peterlongo
and his colleagues on pre-assembly or assembly-free, direct analy-
sis of NGS reads. They have written and presented dedicated, efﬁ-
cient proof-of-concept programs for local or targeted assemblies,
SNP calling and other biological analyses that do not require prior
whole-genome assembly or annotation [18,19]. As one of their pre-
sentations aptly states in its title: ‘‘Biological information is in the
reads’’ [20].
Some basic and useful direct analysis or data extraction proce-
dures (‘pedestrian’ tasks) can sometimes be quite easily and tracta-
bly performed on commodity hardware using familiar general-
purpose programs such as BLAST or BLAT and/or basic Linux/Unix
commands, although newer, dedicated NGS programs such as BWA
[21] or Bowtie 2 [22] have advantages for pipelines. An example is
a similarity search for a gene of interest against 50 million read
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when one cannot ﬁnd the ortholog of a known gene in a newly ob-
tained genome assembly, and wants a reliable proof of its absence
in the actual genome.
The possibilities of directly using reads for analysis provide an
opportunity to reﬂect on the timeliness of a historic linear pipeline
topology, still widely used as a paradigm when designing genome
projects. Its direction goes from sequencing through assembly and
annotation to analysis and then usually to publication and project
termination, but typically not back again to reassembly or re-anno-
tation unless there is a formal follow-up project. Much as the
waterfall-Gantt model of project management, which corporate
and other organizations have used as a guideline for decades
[23,24], and with parallels to the Central Dogma of molecular biol-
ogy [25], current genome hosting often does not anticipate how
feedback from outside scientiﬁc communities could be efﬁciently
integrated after the end of a genome project, when user communi-
ties wish to suggest further changes or corrections to genome
assemblies or annotations on a routine, ongoing basis. A wish
might be to frequently refresh assembly views or their annotations
under a set of constraints representing user-supplied knowledge
items. Although it is not yet clear how this would be implemented,
user feedback would be treated as a certain event, or even actively
solicited, and corresponding checkpoints would be hardwired into
the plan (Supplementary Material, Box S1). In other words, the
views could be freed to change dynamically while the central ob-
ject, the original genome snapshot being viewed, stays accessible
in the reads.
6. Conclusion
In this contribution, we motivate an unconventional way of
envisaging genomics processes, which has helped us to clarify
and improve our own conceptual workﬂows in a fungal genomics
lab. Although individual points mentioned here have been raised
or discussed informally by others in conferences or on web sites,
we have seen few previous publications (which we cite) that were
dedicated to centrally addressing them and outlining a coherent
perspective for a broad readership. It is difﬁcult to predict for
how long short-read sequencing technology will stay the main ap-
proach, and it is clear that many of the considerations presented
here would need to be changed if much longer reads (e.g., along
the lines anticipated for Oxford Nanopore sequencing [4,26]) be-
come the popular choice. Until then, we hope that clear thinking
along the lines we sketch here will stimulate conceptual and prac-
tical advances in genomics and genome informatics.
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